Analysis of $\Lambda_{b} \rightarrow$ $\Lambda \mu^{+} \mu^{-}$ decay in
  scalar leptoquark model by Wang, Shuai-wei & Yang, Ya-dong
ar
X
iv
:1
60
8.
03
66
2v
1 
 [h
ep
-p
h]
  1
2 A
ug
 20
16
Analysis of Λb → Λµ+µ− decay in scalar leptoquark model
Shuai-Wei Wang∗
Institute of Particle Physics, Central China Normal University, Wuhan, Hubei 430079, P. R. China;
Department of Physics, Nanyang Normal University, Nanyang, Henan 473061, P. R. China
Ya-Dong Yang†
Institute of Particle Physics, Central China Normal University, Wuhan, Hubei 430079, P. R. China
(Dated: September 26, 2018)
We analyze the baryonic semilepton decay Λb → Λµ
+µ− in the scalar leptoquark models with
X(3, 2, 7/6) and X(3, 2, 1/6) states, respectively. We also discuss the effects of this two NP models
on some physical observables. For some measured observables, like the differential decay width, the
longitudinal polarization of the dilepton system, the lepton-side forward-backward asymmetry and
the baryon-side forward-backward asymmetry, we find, the prediction values of SM are consistent
with the current data in the most q2 ranges, where the prediction values of this two NP models
can also keep consistent with the current data with 1σ. However, in some q2 ranges, the prediction
values of SM are difficult to meet the current data, but the contributions of this two NP models can
meet them or keep closer to them. For the double lepton polarization asymmetries, PLT , PTL, PNN
and PTT are sensitive to the scalar leptoquark model X(3, 2, 7/6) but not to X(3, 2, 1/6). However,
PLN , PNL, PTN and PNT are not sensitive to this two NP models.
PACS numbers: 13.30.-a,12.60.-i,13.88.+e
I. INTRODUCTION
The current data have hinted at several anomalies in
B decays induced by the flavor-changing neutral cur-
rent (FCNC) processes b → sℓ+ℓ−, which have been
recognized as very important probes of the Standard
Model(SM) and new physics (NP). For the baryonic
semilepton decays, experimentally, Λb → Λµ+µ− decay
has been observed by the CDF collaboration[1] and mea-
sured by the LHCb collaboration at CERN[2]. Theo-
retically, studies on the Λb → Λµ+µ− decay have been
investigated in the SM and beyond the SM[3–5]. Their
results showed that some observables of these processes
are sensitive to the contributions of NP.
The leptoquark models have many kinds of states, not
only vector ones, but also scalar ones. In regard to dif-
ferent decay processes, the different leptoquark states
may produce different effects. For b → sµ+µ− pro-
cesses, model independent constrains on leptoquarks are
obtianed in Ref.[6], where scalar leptoquark states with
X = (3, 2, 7/6) and X = (3, 2, 1/6) have visible effects
on the b → sµ+µ− processes of B meson decays. For
Λb → Λµ+µ− decay, their quark level transitions are also
b → sµ+µ−, therefore, in this paper, we try to exam-
ine the effects of scalar leptoquark models on some ob-
servables of Λb → Λµ+µ− decay, such as the differential
decay width, the longitudinal polarization of the dilep-
ton system, the lepton-side forward-backward asymme-
try, the baryon-side forward-backward asymmetry and
double lepton polarization asymmetries.
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The outline of this paper is as follows. In the next sec-
tion we present the SM theoretical framework for Λb →
Λµ+µ− transitions. In Sec. 3, we introduce the employed
scalar leptoquark models , the transition form factors are
given in Sec. 4, In Sec. 5, we present the physical ob-
servables and numerical analyses. Finally, we will have a
concluding section.
II. Λb → Λℓ
+ℓ− TRANSITIONS
At quark level, the rare decay Λb → Λℓ+ℓ− are gov-
erned by the b→ sℓ+ℓ− transition, its effective Hamilto-
nian in the SM can be written as
Heff = GFαemVtbV
∗
ts
2
√
2π
[
Ceff9 s¯γµ(1 − γ5)bℓ¯γµℓ
+C10s¯γµ(1− γ5)bℓ¯γµγ5ℓ
−2mbCeff7
1
q2
s¯iσµνq
ν(1 + γ5)bℓ¯γ
µℓ
]
, (1)
where GF is the Fermi constant, αem =
e2
4π is the fine-
structure constant and Vqq′ denote the CKM matrix ele-
ments.
Following Ref.[7], the effective Wilson coefficients in
the high q2 region are given by
Ceff7 (q
2) = C7 − 1
3
(C3 +
4
3
C4 + 20C5 +
80
3
C6)
−αs
4π
[(C1 − 6C2)F (7)1,c (q2) + C8F (7)8 (q2)],
2Ceff9 (q
2) = C9 +
4
3
C3 +
64
9
C5 +
64
27
C6
+h(0, q2)(−1
2
C3 − 2
3
C4 − 8C5 − 32
3
C6)
+h(mb, q
2)(−7
2
C3 − 2
3
C4 − 38C5 − 32
3
C6)
+h(mc, q
2)(
4
3
C1 + C2 + 6C3 + 60C5)
−αs
4π
[C1F
(9)
1,c (q
2) + C2F
(9)
2,c (q
2)
+C8F
(9)
8 (q
2)], (2)
where the explicit expressions of these functions
F
(7,9)
8 (q
2), h(mq, q
2), F
(7,9)
1,c (q
2) and F
(7,9)
2,c (q
2) can be
found in Refs.[8–10]. However, in the low q2 region, non-
factorizable hadronic effects are expected to have the
sizeable corrections, these have not been calculated for
the baryonic decay[10, 11]. According to Ref.[7], we use
the effective Wilson coefficients Ceff7 (q
2) and Ceff9 (q
2) in
Eq.(2) both in the low q2 region and in the high q2 region
by increasing the 5% uncertainty.
III. SCALAR LEPTOQUARK MODELS
Here we consider two kinds of the minimal renormal-
izable scalar leptoquark models[6], containing one single
additional representation of SU(3)×SU(2)×U(1) where
baryon number violation can not be allowed in pertur-
bation theory. There are only two such models which
are represented asX(3, 2, 7/6) and X(3, 2, 1/6) under the
SU(3)× SU(2)× U(1) gauge group.
The interaction Lagrangian for the scalar leptoquark
X(3, 2, 7/6) couplings to the fermion bilinear can be writ-
ten as
L = −λiju u¯iRXT ǫLjL − λije e¯iRX†QjL + h.c., (3)
where i, j = 1, 2, 3 are the generation indices, the cou-
plings λ are in general complex parameters, uR(eR) is the
right handed up-type quark(charged lepton) singlet, X is
the scalar leptoquark doublet, ǫ = iσ2 is a 2 × 2 matrix
and QL(LL) is the left handed quark (lepton) doublet.
After performing Fierz transformation, the contribu-
tion to the interaction Hamiltonian for the b → sµ+µ−
is
H = λ
32
µ λ
22∗
µ
8M2(7/6)
[s¯γµ(1− γ5)b][µ¯γµ(1 + γ5)µ]
=
λ32µ λ
22∗
µ
4M2(7/6)
(O9 +O10), (4)
which can be written in the style of the SM effective
Hamiltonian as
H = −GFα√
2π
VtbV
∗
ts(C
NP
9 O9 + C
NP
10 O10), (5)
Then we obtain the new Wilson coefficients
CNP9 = C
NP
10 = −
π
2
√
2GFVtbV ∗tsα
λ32µ λ
22∗
µ
M2(7/6)
, (6)
The interaction Lagrangian for the scalar leptoquark
X = (3, 2, 1/6) couplings to the fermion bilinear can be
written as
L = −λijd d¯iRXT ǫLjL + h.c., (7)
After performing Fierz transformation, the contribu-
tion to the interaction Hamiltonian for the b → sµ+µ−
is
H = λ
22
s λ
32∗
b
8M2(1/6)
[s¯γµ(1 + γ5)b][µ¯γµ(1− γ5)µ]
=
λ22s λ
32∗
b
4M2(1/6)
(O
′
9 −O
′
10), (8)
where O
′
9 and O
′
10 are dimension-six operators obtained
from O9 and O10 by the replacement PL ↔ PR. Writing
in the style of the SM effective Hamiltonian, then we
obtain the new Wilson coefficients
C
′NP
9 = −C
′NP
10 =
π
2
√
2GFVtbV ∗tsα
λ22s λ
32∗
b
M2(1/6)
, (9)
In Ref.[12], comparing the bounds on NP coupling pa-
rameters obtained from Bs → µ+µ−, B¯0d → Xsµ+µ−
and Bs− B¯s mixing, respectively, the authors obtain the
following results
0 ≤ |λ
32
µ λ
22∗
µ |
M2(7/6)
=
|λ22s λ32∗b |
M2(1/6)
=
|λ32s λ22∗b |
M2S
≤ 5× 10−9 GeV−2, for π/2 ≤ φNP ≤ 3π/2. (10)
where the bounds will be used in the process of our cal-
culations.
IV. TRANSITION FORM FACTORS
For Λb → Λµ+µ− decay, these form factors have been
calculated in the framework of QCD light-cone sum rules
3(LCSR) in the low q2 region[11] and lattice QCD in the
high q2 region [7], respectively. All of them use the
helicity-based definition of the form factors[13].
< Λ(p′, s′)|s¯γµb|Λb(p, s) > = u¯Λ(p′, s′)[f0(q2)(mΛb −mΛ)
qµ
q2
+f+(q
2)
mΛb +mΛ
s+
(pµ + p′µ − (m2Λb −m2Λ)
qµ
q2
)
+f⊥(q
2)(γµ − 2mΛ
s+
pµ − 2mΛb
s+
p′µ)]uΛb(p, s),
< Λ(p′, s′)|s¯γµγ5b|Λb(p, s) > = −u¯Λ(p′, s′)γ5[g0(q2)(mΛb +mΛ)
qµ
q2
+g+(q
2)
mΛb −mΛ
s−
(pµ + p′µ − (m2Λb −m2Λ)
qµ
q2
)
+g⊥(q
2)(γµ +
2mΛ
s−
pµ − 2mΛb
s−
p′µ)]uΛb(p, s),
< Λ(p′, s′)|s¯iσµνqνb|Λb(p, s) > = −u¯Λ(p′, s′)[h+(q2) q
2
s+
(pµ + p′µ − (m2Λb −m2Λ)
qµ
q2
)
+h⊥(q
2)(mΛb +mΛ)(γ
µ − 2mΛ
s+
pµ − 2mΛb
s+
p′µ)]uΛb(p, s),
< Λ(p′, s′)|s¯iσµνqνγ5b|Λb(p, s) > = −u¯Λ(p′, s′)γ5[h˜+(q2) q
2
s−
(pµ + p′µ − (m2Λb −m2Λ)
qµ
q2
)
+h˜⊥(q
2)(mΛb −mΛ)(γµ +
2mΛ
s−
pµ − 2mΛb
s−
p′µ)]uΛb(p, s), (11)
where q = p − p′ and s± = (mΛb ± mΛ)2 − q2. The fit functions of helicity-based form factors can be found in
Eqs.(133)-(135) of Ref.[11] and Eq.(49) of Ref.[7].
V. PHYSICAL OBSERVABLES AND
NUMERICAL ANALYSES
V.1 Some measured observables
According to Ref.[14], the Λb polarization at the LHC
has been measured to be small and compatible with zero,
and polarization effects will average out for the symmet-
ric ATLAS and CMS detectors, so we consider the initial
baryon Λb as unpolarized. The four-fold differential rate
of the Λb → Λ(→ a(1/2+), b(0−))ℓ+ℓ− can be written
as[15]
d4Γ
dq2d cos θℓd cos θΛdφ
=
3
8π
[(K1ss sin
2 θℓ +K1cc cos
2 θℓ +K1c cos θℓ) + (K2ss sin
2 θℓ +K2cc cos
2 θℓ +K2c cos θℓ) cos θΛ
+(K3sc sin θℓ cos θℓ +K3s sin θℓ) sin θΛ sinφ+ (K4sc sin θℓ cos θℓ +K4s sin θℓ) sin θΛ sinφ]. (12)
where the angles θℓ and θΛ denote the polar directions
of ℓ− and a(1/2+), respectively. φ is the azimuthal angle
between the ℓ+ℓ− and a(1/2+)b(0−) decay planes, and
the explicit expressions of the coefficientsKi can be found
in Ref.[15].
(a) The differential decay width
dΓ
dq2
= 2K1ss +K1cc, (13)
(b) The longitudinal polarization of the dilepton system
FL =
2K1ss −K1cc
2K1ss +K1cc
, (14)
4(c) The lepton-side forward-backward asymmetry
AℓFB =
3
2
K1c
2K1ss +K1cc
, (15)
(d) The baryon-side forward-backward asymmetry
AΛFB =
1
2
2K2ss +K2cc
2K1ss +K1cc
, (16)
In the process of numerical analyses, we consider the
theoretical uncertainties of all input parameters. For the
form factors, we use the results of QCD light-cone sum
rules (LCSR) in the low q2 region[11] and lattice QCD
in the high q2 region[7]. Comparing to the current data
which have been measured by LHCb collaboration[18],
we plot the dependence of four observables mentioned
above on the full physical region except the intermediate
region of q2 in Fig. 1.
From Fig. 1, we obtain the following results:
• For the differential decay width dΓdq2 , its predic-
tion values of SM are consistent with the current
data in the ranges of 0.1 < q2 < 1GeV2/c2 and
15 < q2 < 16GeV2/c2. When we consider the ef-
fects of this two NP models, the theoretical pre-
dictions are still consistent with the experimental
results with 1σ in these ranges. However, in the
remaining ranges, its prediction values of SM and
this two NP models are difficult to meet the current
data. But in the large q2 region, the prediction val-
ues of the scalar leptoquark X(3, 2, 7/6) are more
closer to the current data.
• For the longitudinal polarization FL of the dilepton
system, its prediction values of SM and this two NP
models are consistent with the current data both in
the low q2 region and in the high q2 region, respec-
tively. In the low q2 region, the prediction value of
the scalar leptoquark X(3, 2, 7/6) enhances that of
SM, but the opposite result happens in the scalar
leptoquark X(3, 2, 1/6). There are not obvious dif-
ference results between the SM and this two NP
models in the high q2 region.
• For the lepton-side forward-backward asymmetry
AµFB , in the range of 0.1 < q
2 < 1GeV2/c2, its
prediction value of SM is consistent with the cur-
rent data with 1σ, but the result of the scalar lep-
toquark X(3, 2, 7/6) is more closer to the central
value of the current data than that of SM. In the
high q2 region, its prediction value of SM is lower
than the current data. But the result of the scalar
leptoquark X(3, 2, 7/6) can meet the current data
in the range of 15 < q2 < 16GeV2/c2.
• For the baryon-side forward-backward asymmetry
AΛFB , except in the range of 16 < q
2 < 18GeV2/c2,
the current data in the remaining ranges can be
met both in the SM and in this two NP models, re-
spectively. When we consider the NP effects, this
observable show strong dependence on the scalar
leptoquarkX(3, 2, 1/6). However, there are not ob-
vious difference results between the SM and scalar
leptoquark X(3, 2, 7/6).
V.2 Double lepton polarization asymmetries
The definition of the double lepton polarization asym-
metry can be written as
Pij =
(
dΓ(~s−
i
,~s+
j
)
dsˆ −
dΓ(−~s−
i
,~s+
j
)
dsˆ )− (
dΓ(~s−
i
,−~s+
j
)
dsˆ −
dΓ(−~s−
i
,−~s+
j
)
dsˆ )
(
dΓ(~s−
i
,~s+
j
)
dsˆ +
dΓ(−~s−
i
,~s+
j
)
dsˆ ) + (
dΓ(~s−
i
,−~s+
j
)
dsˆ +
dΓ(−~s−
i
,−~s+
j
)
dsˆ )
, (17)
where ~s
−(+)
i(j) is the orthogonal unit vector in the rest
frame of the leptons, its explicit explanation and nine
double-lepton polarization asymmetries are presented
in[16].
In Ref.[16], the form factors are defined as follows
〈Λ(p)|s¯γµ(1− γ5)b|Λb(p+ q)〉 = u¯Λ(p)
[
γµf1(q
2) + iσµνq
νf2(q
2) + qµf3(q
2)
−γµγ5g1(q2)− iσµνγ5qνg2(q2)− qµγ5g3(q2)
]
uΛb(p+ q),
〈Λ(p)|s¯iσµνqν(1 + γ5)b|Λb(p+ q)〉 = u¯Λ(p)
[
γµf
T
1 (q
2) + iσµνq
νfT2 (q
2) + qµfT3 (q
2)
+γµγ5g
T
1 (q
2) + iσµνγ5q
νgT2 (q
2) + qµγ5g
T
3 (q
2)
]
uΛb(p+ q), (18)
5where uΛb and uΛ are spinors of Λb and Λ baryons, re-
spectively.
The form factors f
(T )
i and g
(T )
i in Eq.(18) are related
to the helicity form factors f+,⊥,0, g+,⊥,0, h+,⊥ and h˜+,⊥
in Eq.(11) as follows
f+ = f1 − q
2
mΛb +mΛ
f2,
f⊥ = f1 − (mΛb +mΛ)f2,
f0 = f1 +
q2
mΛb −mΛ
f3,
g+ = g1 +
q2
mΛb −mΛ
g2,
g⊥ = g1 + (mΛb −mΛ)g2,
g0 = g1 − q
2
mΛb +mΛ
g3,
h+ = f
T
2 −
mΛb +mΛ
q2
fT1 ,
h⊥ = f
T
2 −
fT1
mΛb +mΛ
,
h˜+ = g
T
2 +
mΛb −mΛ
q2
gT1 ,
h˜⊥ = g
T
2 +
gT1
mΛb −mΛ
, (19)
The amplitude for Λb → Λµ+µ− decay can be written in
terms of twelve form factors in Eq.(18), and we find that
M = Gα
8
√
2π
VtbV
∗
ts
{
ℓ¯γµ(1− γ5)ℓu¯Λ(p){(A1 −D1)γµ(1 + γ5) + (B1 + E1)γµ(1− γ5)
+iσµνq
ν [(A2 −D2)(1 + γ5) + (B2 − E2)(1− γ5)]
+qµ[(A3 −D3)(1 + γ5) + (B3 − E3)(1 − γ5)]}uΛb(p+ q)
+ℓ¯γµ(1 + γ5)ℓu¯Λ(P ){(A1 +D1)γµ(1 + γ5) + (B1 + E1)γµ(1− γ5)
+iσµνq
ν [(A2 +D2)(1 + γ5) + (B2 + E2)(1− γ5)]
+qµ[(A3 +D3)(1 + γ5) + (B3 + E3)(1 − γ5)]}uΛb(p+ q)
}
, (20)
where
A1 = −2mb
q2
Ceff7 (f
T
1 + g
T
1 ) + (C
eff
9 + C
NP
9 )(f1 − g1)
+C
′NP
9 (f1 + g1),
A2 = A1(1→ 2),
A3 = A1(1→ 3),
Bi = Ai(gi → −gi; gTi → −gTi ),
D1 = (C
eff
10 + C
NP
10 )(f1 − g1) + C
′NP
10 (f1 + g1),
D2 = D1(1→ 2),
D3 = D1(1→ 3),
Ei = Di(gi → −gi), (21)
Because the vector and axial vector currents are not
renormalized, so we neglect the anomalous dimensions
of coefficients C
(′)NP
9 and C
(′)NP
10 [17].
We also plot the dependence of the double lepton po-
larization asymmetries on the full physical region except
the intermediate region of q2 in Fig. 2, and find,
• Double lepton polarization asymmetries PLT , PTL,
PNN and PTT of this decay process are sensi-
tive to the contribution of the scalar leptoquark
X(3, 2, 7/6) but not to that of the scalar leptoquark
X(3, 2, 1/6).
• For double lepton polarization asymmetry PLT of
Λb → Λµ+µ− decay, the contribution of the scalar
leptoquark X(3, 2, 7/6) can enhance its maximum
value of SM prediction from 0.48 to 0.65 in the low
q2 region. For this decay process, this effects of this
two NP models on PTL which is not presented in
this paper are similar to PLT , respectively.
• For double lepton polarization asymmetry PNN of
Λb → Λµ+µ− decay, when we consider the con-
tribution of the scalar leptoquark X(3, 2, 7/6), its
value of SM prediction can be enhanced quite a lot
both in the low q2 region and in the high q2 re-
gion. For this decay process, the contribution of
the scalar leptoquark X(3, 2, 7/6) to PTT is similar
to PNN , respectively.
• For double lepton polarization asymmetries PLN ,
PNL, PNT and PTN , their values of SM prediction
are almost zero, and the effects of this two NP mod-
els are not significant on them.
VI. CONCLUSIONS
We calculate the differential decay width, the longitu-
dinal polarization of the dilepton system, the lepton-side
6forward-backward asymmetry, the baryon-side forward-
backward asymmetry and double lepton polarization
asymmetries of Λb → Λµ+µ− decay in the scalar lepto-
quark model X(3, 2, 7/6) and X(3, 2, 1/6), respectively.
Using the constrained parameter spaces from Bs →
µ+µ− and Bd → Xsµ+µ− decays, we depict the cor-
relative figures between these observables and the mo-
mentum transfer q2, respectively. We find, for the differ-
ential decay width, the longitudinal polarization of the
dilepton system, the lepton-side forward-backward asym-
metry and the baryon-side forward-backward asymme-
try, which have been measured by LHCb collaboration,
most of their current data can be met both in the SM
and in this two NP models. However, some of their cur-
rent data can still not be met in the SM. When we con-
sider the effects of this two NP models, like the lepton-
side forward-backward asymmetry AµFB in the range of
0.1 < q2 < 1GeV2/c2, its current data with 1σ can
be met. For the double lepton polarization asymme-
tries, PLT , PTL, PNN and PTT show strong dependence
on the scalar leptoquark model X(3, 2, 7/6) but not on
X(3, 2, 1/6), respectively. However, the prediction val-
ues of PLN , PNL, PTN and PNT in the SM are almost
zero, and they also show weak dependence on this two
NP models.
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FIG. 1: The dependence of dΓ
dq2
, FL, A
µ
FB and A
Λ
FB on q
2,
respectively.
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FIG. 2: The dependence of double lepton polarization asym-
metries PLT , PNN and PTT on the q
2, respectively.
